Introduction
The phenomenon of internal oxidation of solute atoms, in binary metal alloys, is a venerable one that has been studied off and on since its discovery in 1930 [I] . The diameter and number density of the precipitated metal oxides --that are the end product of this phenomenon --depend upon the solute element and its concentration in the alloy, temperature of internal oxidation, external oxygen pressure and time [2, 3] . Internal oxidation of alloys has been used to produce dispersion hardened materials in an effort to improve their mechanical properties, and to reduce spallation of alloys; for example, Ag(Cd) alloys are used to switch medium to high currents 141. Experimental and theoretical research has demonstrated that to obtain internal oxidation of a solute atom in a solid solution, as opposed to external oxidation of the solvent or solute atoms, several conditions must be met [2, 3, . First, the chemical affinity of oxygen for the solute species must be much greater than for the solvent species. Second, oxygen must diffuse faster in the matrix than does the solute species. The latter can be expressed in terms of the relative permeabilities (DiCi) of oxygen and solute atoms in the metal matrix; internal oxidation of a binary alloy results in a ternary system --solvent, solute and oxygen atoms. Thus internal oxidation may occur if DOCo >> DsCs --where Di represents diffusivity, Ci the solid solubility, and the subscripts o and s indicate oxygen or metal solute atoms. The rate controlling step in internal oxidation is assumed to be the diffusion of oxygen atoms through an alloy, and furthermore the metal oxide that forms is assumed to have a specific stoichiometry. These ideas and assumptions lead to a 'law' for the number of oxygen atoms penetrating unit area of surface (ndS) that is parabolic in time (t), as well as Wagner's 'law' for the position of the oxidation front (5) in a specimen that is proportional to t112 [3,5-111. Recently, thermogravimetric measurements of the ratio of oxygen-to-magnesium atoms have been made as a function of time during internal oxidation of a Ag-0.4 at.% Mg alloy between 280-550°C [12, 13] . These measurements demonstrate that the oxidation fixation process occurs in three stages at constant temperature --as a function of internal oxidation time --and that significant deviations from Wagner's 'law' exist. The atomic mechanisms for the three stages are suggested to be the following: (1) sub-or hypostoichiometric (oxygen poor) metal-oxygen species are initially formed; (2) these elementary species evolve toward irregular clusters that are oxygen rich; and (3) a portion of the excess oxygen is released and the clusters evolve toward a more compact structure [13] . During the second stage the quantity n d S is proportional to t1I2; the fixation of oxygen, however, is precipitates --we discovered that it is possible to detect directly nonstoichiometric clusters of metal oxides utilizing APFIM, and thereby study the nucleation and growth of metal oxide precipitates in ternary alloys --two metal species plus oxygen. In this paper we present the first atomic scale evidence --based on APFIM observations of the Cu-Mg-0 system --of the nucleation and growth phenomena for metal oxide precipitates in a metal matrix. The results demonstrate that it is possible to follow the complete evolution of metai oxide precipitates starting with the smallest elemental clusters formed from metal solute-atoms and oxygen --that is, metal solute-atom or metal-oxygen dimers.
Experiments
The following single phase alloys were fabricated from ASARCO copper (99.998+ at.% pure) and Johnson Matthey magnesium (99.98 at.% pure): Cu-0.16 at.% Mg, Cu-0.7 at.% Mg and Cu-2.8 at.% Mg. The Cu(Mg) alloys were prepared by melting the elements in a graphite crucible sealed under an argon atmosphere in a quartz tube to form cylindrically-shaped ingots. These alloys were homogenized by arc melting them four to five times, followed by an anneal at 1273 K for three days in an argon atmosphere. Wires of these alloys with a diameter of 250pm were internally oxidized using the so-called Rhines pack method [2] ; the temperature employed was 1173 K and an internal oxidation time of 1800 sec was used. Conventional transmission electron microscopy was used to study the diameters and number densities of metal oxide precipitates, and high resolution microscopy was employed to demonstrate that the precipitates are octahedral shaped with the facets being {Ill)-type planes. The atom-probe field-ion microscope (APFIM) experiments were performed, with the specimens maintained at 35 K, using a pulse fraction (f) of 0.1 and a pulse frequency of 15 Hz [18-201.
Figures 1 to 4 exhibit four integral profiles that were obtained by collecting pulsed-desorbed ions ---and measuring their mass-to-charge state ratios one at a time --from a 'boring' taken along the [I 111 direction that is parallel to the central axis of an internally oxidized Cu-0.16 at.% Mg wire specimen. An integral profile is obtained by continuously applying a series of high-voltage pulses that results in the atom-by-atom dissection of individual atomic planes of a specimen; an individual plane of atoms is completely dissected and analyzed without interference from the atomic plane below it. This method and its physics are described in detail elsewhere [23] [24] [25] [26] [27] . The region along the central axis of a specimen is the last one to be internally oxidized as it is farthest from the surface of a cylindrically-shaped specimen. First, Fig. 1 shows an integral profile of the cumulative number of Mg or 0 events versus the cumulative number of Cu plus Mg plus 0 events collected from a single plane of atoms containing a total of 100 atoms; for clarity the Cu signal is not exhibited in this integral profile nor in the three others shown. It is clear that no 0 atoms are present in this integral profile but there are clusters of Mg atoms present --that is, there is clustering of Mg atoms in a Cu matrix without the formation of MgO. This is direct proof that the Mg atoms have sufficient mobility to form small solute-atom clusters. Second, Fig. 2 exhibits another integral profile that demonstrates a completely different type of cluster --in this case a cluster consisting of five Mg and six 0 atoms is detected; note that this cluster is hyperstoichiometric with the ratio 5 Mg:6 0. Third, Figure 3 exhibits another integral profile that shows the detection of a hyperstoichiometric magnesium oxide cluster with the ratio 2 Mg:5 0. And, finally, Fig. 4 exhibits an integral profile that contains a total of 30,000 events. This integral profile shows the presence of three hypostoichiometric magnesium oxide clusters. the three clusters have Mg:O ratios of 6.36 Mg: 1 0, 3.91 Mg:1 0 and 5.63 Mg: 1 0. These four integral profiles directly and clearly demonstrate that the instantaneous formation of stoichiometric MgO is not the atomic mechanism by which internal oxidation occurs.
Conclusions
The APFIM results presented herein demonstrate, in a very direct and vivid manner, that the process of internal oxidation does not result directly in the nucleation and growth of metal oxide precipitates that are exactly stoichiometric --in the case presented MgO --at the earliest stages of the formation of a metal oxide precipitate.
Rather both hypo-and hyperstoichiometric clusters form as well as the clustering of magnesium atoms. The clusters that we observe are clearly precursors to larger precipitates (>1 nm diameter) that are observed via field-ion [1820] or high resolution electron microscopy [14-201; For example, Fig. 2 in reference [18] exhibits a field-ion micrograph of a 7.3 nm diameter MgO precipitate in a Cu matrix. Our results also demonstrate that the entire process is considerably more complicated than had been envisaged in the widely used classical model of internal oxidation [3,5-111. Furthermore, our results lend credence to the results of the thermogravimetric measurements [12, 13] , reviewed in the Introduction, where indirect evidence was presented for hypo-and hyperstoichiometric MgO clusters in an internally oxidized Ag-0.4 at.% Mg alloy. In addition, our results demonstrate that the Mg solute atoms can cluster prior to being internally oxidized, and that both h y p e and hyperstoichiometric clusters of magnesium o x~d e form as the position of the oxidation front (5) moves through a specimen. Thus, we have demonstrated that the atomic mechanisms for internal oxidation of a solute atom, such as Mg, occurs as a result of series of reactions that involve the formation clusters of Mg atoms that are internally oxidized to produce both hypo-and hyperstoichiometric metal oxide clusters. The latter must evolve in time towards dense precipitates with a specific mean stoichiometry or perhaps a range of stoichiometries. Any deviation from exact stoichiometry can, of course, be accomodated by the formation of Schottky-type point defects . Our experiments also demonstrate that it is now possible to follow, on an atomic scale, the process of internal oxidation from its very earliest stages to the point where metal oxide precipitates are visible by different high resolution microscopies. 
